Intrarenal Doppler ultrasonography is a non-invasive method to evaluate the renal blood flow in patients with renal arterial stenosis as well as chronic kidney diseases (CKD). Until recently, the relationship between ultrasonography findings and CKD stage has not been fully understood. Overall, 162 patients with CKD without apparent renal arterial stenosis were included in this study, and the pulsed-wave Doppler ultrasonography findings were evaluated in terms of the following parameters: peak systolic velocity (PSV), end-diastolic velocity (EDV), and resistive index (RI) at the renal arterial trunk, hilum, segmental, and interlobar regions. Age showed a significant negative correlation with the estimated glomerular filtration rate (eGFR), kidney size, and aortic PSV. Additionally, age showed a significant positive correlation with RI in all 4 regions. The eGFR showed a positive correlation with the aortic PSV and kidney size, but a negative correlation with RI. Both age and eGFR were found to be independently associated with aortic blood flow. On the intrarenal ultrasound, EDV and RI showed stronger correlations with eGFR than PSV, suggesting that the former indices would be better markers of renal function. In particular, the interlobar EDV was found to be the best index that reflects renal function. Although the RI is also a good marker of renal function, it is confounded by age; thus, its utility would be weaker than that of the EDV. In conclusion, intrarenal pulsed-wave Doppler ultrasonography is a useful tool to estimate and evaluate the renal function; the interlobar EDV may be the best index to estimate the effective perfusion and filtration of the kidneys.
Introduction
Doppler ultrasonography is a non-invasive method to evaluate blood flow in organs. In patients with chronic kidney disease (CKD) and renal arterial diseases, particularly renal arterial stenosis, evaluations of blood flow with pulsed-wave Doppler ultrasonography in the aorta, renal artery, and intrarenal small-to-middle sized arteries have been attempted previously a1111111111 a1111111111 a1111111111 a1111111111 a1111111111 [1, 2] . Presently, the most commonly used marker of renal function is the serum creatinine level; but it is affected by age, sex, muscle mass, exercise, nutritional status, and hydration status. As a result, although it is a useful marker of renal function, serum creatinine is not a highly sensitive biomarker of renal hemodynamic parameters such as intrarenal blood flow. If clinicians and ultrasonographers can correctly perform and interpret a renal Doppler ultra-sonogram, it would be a more sensitive test for renal hemodynamics than the assessment of the serum creatinine level and can be quickly performed at every hospital visit.
Based on the wave pattern of arterial blood flow in each region on renal Doppler ultrasonography, the peak systolic velocity (PSV) and the end-diastolic velocity (EDV) of arterial flow can be evaluated. The level of vascular resistance, also known as the resistive index (RI), can be estimated from the PSV and EDV [3, 4] . Until recently, the RI has been regarded as the most sensitive and reliable marker of disturbed intrarenal hemodynamics [5] [6] [7] . An increased RI has been known to indicate interstitial fibrosis and arteriosclerosis, which are eventually followed by a decline in renal function [8] [9] [10] [11] . However, only a few reports have measured and compared PSV, EDV, and RI simultaneously to determine the most appropriate marker among these ultrasonic indices along with their clinical significance in patients with CKD [12] . Moreover, PSV and EDV have been previously considered to be useful for evaluating potential renal artery trunk stenosis, but their relationships with the intrarenal hemodynamics have not been enough evaluated. A comprehensive analysis with demographic variables including age is needed to correctly interpret the ultrasonic data. This is the first study to comprehensively collect data regarding all ultrasonic indices (i.e. EDV, PSV, RI) from the aorta, trunk of the renal artery, renal hilum, segmental region, and interlobar regions in a sufficient number of CKD patients. Additionally, demographic and blood test data were analyzed to identify the covariates that can affect the correct interpretation of the acquired ultrasonic data. Based on the analyses, the most appropriate anatomical position and ultrasonic indices for assessment of CKD patients were determined.
Materials and methods

Ethical statements
This study was approved by the Institutional Review Board (IRB) of the Tohoku University Hospital (IRB No. 2015-1-765) and was performed in compliance with the Helsinki Declaration of 1964 and later versions. The IRB allowed a waiver of informed consent, because this was a retrospective observational study and was performed with non-invasive ultrasonography as part of the necessary medical practice.
Subject enrollment
Blood and renal pulsed-wave Doppler ultrasonography data were collected from 204 patients with suspected CKD from 2007 to 2017. All the patients had undergone a renal Doppler ultrasonography to exclude renal arterial stenosis as part of the necessary diagnostic process, along with blood tests for plasma renin activity and plasma angiotensin II levels. Forty two patients were excluded due to apparent renal arterial stenosis, solitary kidney, or artificial dialysis to obtain reliable standard values. The globally recognized criterion to judge the presence of renal arterial stenosis were PSV >180 cm/sec and PSV renal/aortic ratio (RAR) >3.5 [13, 14] . A total of 162 patients with CKD were enrolled and their renal Doppler ultrasonography data were analyzed.
Collected data
Demographic data including sex, age at Doppler ultrasonography, body-mass index (BMI), and CKD stage were collected. Additionally, the history of hypertension, diabetes mellitus, dyslipidemia, and ischemic heart disease was included. Data from blood tests including serum creatinine level and estimated glomerular filtration rate (eGFR) were also collected. The value of eGFR was calculated using the following equation [15] . The data of renal pulsed-wave Doppler ultrasonography were also comprehensively recorded for both kidneys, using a Doppler angle of � 60 degree. The PSV, EDV, and RI were measured in the following 4 regions: trunk of the renal artery, hilum (renal pedicles), the segmental, and interlobar regions [16] . The PSV was also measured in the aorta (aortic PSV). These ultrasonic measurements were performed � 3 times in each position and the averages were used as the measured values for the analyses. The RI was manually calculated from the measured values of the PSV and the EDV using the following equation [5] .
RI ¼ PSV À EDV PSV
The ultrasonic data were measured for both kidneys and the average of both sides were used for the analyses. Acceleration time and pulsatility index were not measured in this study. The collected dataset from the enrolled subjects in this study is shown in S1 Table.
Statistics and software
The correlation between 2 variables was evaluated using the Pearson's correlation coefficient (R) and coefficient of determination (R 2 ), followed by a test of no correlation. The correlation between 3 variables was evaluated by calculating the partial correlation coefficients. A comparison of multiple ultrasonic variables as markers of renal function was performed by a multiple linear regression analysis after setting eGFR as the objective variable. Before interpreting the results of the multiple regression analyses, the risk for multicollinearity was assessed using the variance inflation factor (VIF) for each explanatory variable.
Statistical analyses in this study were conducted using SPSS Statistics Base 22 software (IBM, Armonk, NY, USA), JMP Pro 14 (SAS Institute Inc., Cary, NC, USA) and MATLAB R2015a (MathWorks, Natick, MA, USA).
Results
Clinical information and distribution of study variables
The demographic and blood test data of the enrolled 162 patients with CKD are listed in Table 1 . The eGFR of male patients (60.4±26.7) was slightly lower than that for female patients (70.8±30.8) (p = 0.0242, Student's t-test). The ultrasonography indices in all 4 regions in both kidneys with the kidney sizes are listed in Table 2 .
Aortic and renal hemodynamics by age
The scatter plots of age and other variables (i.e. eGFR, kidney size, aortic PSV, trunk PSV) are shown in Fig 1. The eGFR, kidney length pole-to-pole (LPP), and aortic PSV showed weak to moderate negative correlation with age, but not with the trunk PSV.
The scatter plots of age and RI for all 4 regions are shown in Fig 2. The values for all 4 regions showed moderate correlations with age. The correlation was suggested to be stronger on the distal side (interlobar) and weaker on the proximal side (trunk), but the difference did not reach statistical significance (p = 0.099).
Aortic PSV and kidney size by CKD stages
The scatter plots of the eGFR and other variables (i.e. aortic PSV, LPP) are shown in Fig 3A and 3B, with both showing weak to moderate correlations with eGFR. The aortic PSV and age in each CKD stage are shown in Fig 3C and 3D . It can be suggested that age was a significant covariate between the aortic PSV and renal function.
The scatter plots of eGFR and RI for the 4 regions studied are shown in Fig 4. The values for all 4 regions showed weak to moderate correlation with eGFR. The correlation was stronger on the distal side (i.e. interlobar) and weaker on the proximal side (i.e. trunk). The strength of correlation was statistically similar between the distal side (interlobar) and the proximal side (trunk) (p = 0.430, z-test).
Correlation between the ultrasonic and demographic data
The results of the Pearson's R test between the ultrasonic and demographic data are listed in Table 3 . Among the measured ultrasonic indices, EDV and RI showed moderate correlations with eGFR, but PSV showed a weak to moderate correlation with eGFR, suggesting that the EDV and the RI would be better markers to assess renal function than the PSV. The PSV in each region showed a stronger correlation with eGFR than with age. Additionally, RI showed a stronger correlation with age than with eGFR. The EDV showed almost similar correlations with age and eGFR. Considering the moderate correlations between EDV and eGFR, EDV would be the most appropriate ultrasonic index to evaluate renal function. For reference, the scatter plots between the EDV in each region and the eGFR are shown in Fig 5. Partial correlation between EDV and eGFR, adjusted by age As described in Table 3 , age and eGFR showed significant correlations with EDV in all 4 regions; in addition, age and eGFR showed a significant negative correlation. As a result, the Ischemic heart disease n = 9 (5.6%)
The values and ranges are mean ± standard deviation for each variable. Abbreviations: BMI, body-mass index; CKD, chronic kidney disease; DBP, diastolic blood pressure; eGFR, estimated glomerular filtration rate; SBP, systolic blood pressure.
https://doi.org/10.1371/journal.pone.0221244.t001 partial correlation coefficients between the EDV in each region and the eGFR were examined by setting age as a covariate. The partial correlation coefficients with EDV in the trunk were -0.271 for age (p = 0.0007) and 0.367 for eGFR (p<0.0001); with EDV in the hilum were -0.350 for age (p<0.0001) and 0.277 for eGFR (p = 0.0008); with EDV in the segmental region were -0.228 for age (p = 0.0050) and 0.182 (p = 0.0250) for eGFR; and with EDV in the interlobar region were -0.345 for age (p<0.0001) and 0.405 for the eGFR (p<0.0001). In conclusion, both age and EDV were found to be independent factors for renal function, and EDV could be a reliable index to evaluate renal function.
Partial correlation between RI and eGFR, adjusted by age
As described in Table 3 , age and eGFR showed significant correlations with RI in all 4 regions. Thus, the partial correlation coefficient between RI in each region and each of the other variables was checked. The partial correlation coefficients with RI in the trunk were 0.359 for age (p<0.0001) and -0.276 for eGFR (p = 0.00064); with RI in the hilum were 0.429 for age (p<0.0001) and -0.112 for eGFR (p = 0.193); with RI in the segmental region were 0.528 for age (p<0.0001) and -0.107 (p = 0.196) for eGFR; and with RI in the interlobar region were 0.569 for age (p<0.0001) and -0.0432 for eGFR (p = 0.605). In conclusion, an RI would not be a reliable index to evaluate renal function because it is mainly affected by age rather than renal function.
Comparison of EDV and RI as a marker of renal function with multivariate analysis
To compare the clinical importance of EDV and RI as physiological markers of renal function, a multiple linear regression analysis was performed using eGFR as the objective variable and age, interlobar EDV, and interlobar RI as the explanatory variables. The result of this multivariate regression analysis is shown in Table 4 . As shown in the table, EDV was a much better marker than RI to estimate renal function. Similar results were also achieved in the other 3 regions studied. Effects of BMI on the applicability of EDV Next, we evaluated the possible effects of BMI on the clinical applicability of EDV as a physiological marker of renal function, because renal Doppler ultrasonography would be technically more challenging in obese patients. We separated the patients into those with BMI <25 (n = 112) and those with BMI �25 (n = 50). In the former group, the correlation coefficient between eGFR and EDV was 0.550 (95%CI: 0.398-0.673, p<0.0001); in the latter group, it was 0.461 (0.194-0.665, p = 0.0014). Although the correlation was slightly lower in obese subjects, the difference was not statistically significant (p = 0.49). Advanced technical skills are required to perform a renal ultrasonography in obese subjects; however, the results of this study show that renal ultrasonography is a useful method for the assessment of renal function even in obese subjects.
Correlation of EDV with other blood and urine test data
The correlation coefficients between the interlobar EDV and the blood and urine test parameters other than eGFR were analyzed. The calculated Pearson's correlation coefficient with the 
Discussion
Presently, renal arterial Doppler ultrasonography is performed mainly to diagnose renal arterial diseases, especially renal arterial stenosis [16, 17] . Renal function tests for patients with CKD and blood tests (i.e. serum creatinine level, eGFR) have been widely performed for follow up until now. However, serum creatinine level is affected by a wide range of clinical factors, such as hemolysis, diet, muscle volume, and dehydration [18] [19] [20] [21] . As the eGFR is estimated simply by age and the serum creatinine level in both the sexes, whether the serum creatinine level and the eGFR exactly reflect the glomerular function (e.g. filtration of uremic toxins) is unclear. It is unclear whether eGFR as estimated using creatinine level is more precise than that using cystatin C when measuring the true renal function. Compared to these blood tests, ultrasonic studies rapidly and directly reveal the condition of renal hemodynamics, such as blood flow and vascular resistance [22] . To understand the correct interpretation of data with renal Doppler ultrasonography for maximizing its clinical efficacy, comprehensive analyses with a sufficient number of subjects and a wide range of clinical variables are required. In this study with comprehensive variables, including demographic data, blood test results, and ultrasonic data, EDV was found to be the most appropriate ultrasonic index to evaluate renal function. This is a novel insight for renal Doppler ultrasonography. Additionally, the value of RI, which was believed to be the best ultrasonic index to evaluate renal function, was found to be regulated mostly by age and that it is not a better marker of renal function than EDV. The PSV did not reflect renal function and would not be useful as a marker of renal function. This could be probably be because PSV is largely affected by extra-renal factors such The ultrasonic data are averages from both sides of the kidneys. The bracketed ranges of Pearson's R are the 95% confidence interval of the estimated correlation coefficients. Abbreviations: EDV, end-diastolic velocity; eGFR, estimated glomerular filtration rate; PSV, peak systolic velocity; RI, resistive index.
https://doi.org/10.1371/journal.pone.0221244.t003
as cardiac output, aortic stiffness, and renal arterial stenosis. In other words, an elevated PSV does not always suggest increased effective perfusion in the kidneys. On analyzing the correlation between age, eGFR, and aortic PSV, a significant positive correlation was found between eGFR and aortic PSV, even after adjusting the effect of age. This suggests a possible association between elasticity of the aortic wall and a normal renal function. The aortic PSV has been known to reflect the elasticity of the aortic wall; a higher value of aortic PSV can theoretically reflect more elasticity [23, 24] . Although the exact mechanism of the observed correlation between the aortic PSV and the eGFR is uncertain, better aortic blood flow would be important for maintaining the intrarenal EDV, which would be necessary to maintain renal function. However, as these 2 variables are affected by age, the aortic PSV would not be a better marker for renal function than intrarenal ultrasonic indices measured in more distal regions (i.e. trunk, hilum, segmental, interlobar). This study has several limitations. First, the measured data with Doppler ultrasonography may differ among different examiners. To ensure that such inter-rater error did not affect the conclusions of this study, we checked the inter-rater variance of the ultrasonic data, which did not show any significant differences for the interlobar EDV and interlobar PSV between the examiners (p = 0.43 for interlobar EDV and p = 0.76 for interlobar PSV, ANOVA). This implies that the inter-rater error in renal Doppler ultrasonography could be minimized by well-trained ultrasonographers who understand the internationally standardized procedure. To minimize the risk of inter-facility error, it would be ideal to establish a normal range for each ultrasonic index according to age in each facility where Doppler ultrasonography is performed. Another limitation of this study was that the renal function was represented by eGFR, and renal pathological assessments with kidney biopsy or creatinine clearance test were not performed. Future investigations that evaluate the association between renal function and EDV are necessary to verify the conclusions of this study. Finally, as described in the results section, accurate measurement of ultrasonic indices could be relatively difficult and the values could be unreliable in obese subjects. We have to thus take extra care when interpreting ultrasonic data from obese subjects.
Conclusions
Among the indices measured with renal pulsed-wave Doppler ultrasonography, the EDV, regardless of the regions evaluated, may be the best index to measure renal function. On the other hand, the RI, which is considered to be the best ultrasonic index to measure renal function, was strongly affected by age and may not be a better index than EDV. Assessment of the EDV is a novel, non-invasive, and reliable method for the long-term management of CKD patients.
Supporting information S1 Table. Original dataset used in the article. Abbreviations: ACE/ARB, angiotensin-converting enzyme inhibitors/angiotensin receptor blockers; CCB, calcium channel blockers; EDV, end-diastolic velocity; PSV, peak-systolic velocity; RI, resistive index. (XLSX)
